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Icosahedral quasicrystal Al71Pd21Mn08 and its j8 approximant: Linear expansivity,
specific heat, magnetic susceptibility, electrical resistivity, and elastic constants
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~Received 4 October 2001; revised manuscript received 18 January 2002; published 8 May 2002!

Linear thermal expansivity~a, 1–300 K!, heat capacity (Cp , 1–108 K!, magnetic susceptibility~x, 1–300
K!, and electrical resistivity~r, 1–300 K! measurements are reported for a single-graini -Al71Pd21Mn08 qua-
sicrystal and its Al72Pd25Mn03 approximant, and 300 K elastic constants for the quasicrystal. The approximant
a (aAp) andCp (CpAp) data show ‘‘metallic’’ behavior, while the previously reported onset of a transition to
a spin-glass state (Tf,1.8 K) dominatesaQ andCpQ below 11 K.CpAp andCpQ superimpose above 16 K
when plotted vsT/Q0 using the experimentalQ0Ap5455(3) K and an adjustedQ0ApQ5480(4) K. The 300 K
elastic constants extrapolated toT50 give Q0Q

el 5505(1) K, suggesting that the normalization is valid only
above 16 K. The lattice contribution toCpAp ~and, indirectly,CpQ) shows strong~unique! deviations from
Debye-like behavior~13% at 0.84 K for theCpAp data fit!. The various Gru¨neisen parameters~G! that are
calculated from these data all are positive and normal in magnitude except for a large limiting approximant
lattice value,G0Ap

lat 511.3, which may be related to the large dispersion effects inCp . For the approximant, the
combination of anisotropic and large resistivities, a small diamagnetic susceptibility, and a ‘‘large’’ linear
~electronic! contribution toCpAp (gAp50.794 mJ/mol K2) suggests the existence of a pseudogap in the elec-
tronic density of states. The unusually large, highly volume dependent, dispersion at low temperatures for the
quasicrystal and its approximant are not consistent with inelastic neutron scattering and other data, and raise
questions about the role of phonons in quasicrystals. The present 300 K resistivities can be used with a
published correlation to estimategQ'0.25 mJ/mol K2.

DOI: 10.1103/PhysRevB.65.184206 PACS number~s!: 61.44.Br, 62.20.Dc, 65.40.Ba, 65.40.De
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I. INTRODUCTION

Quasicrystals were discovered in the early 1980s in r
idly solidified binary alloys of Al and Mn, Cr, and Fe.1 Al-
though fine details of the atomic structure are still un
solved, it appears that quasicrystals can possess long-r
atomic order but without the usual crystalline requiremen
periodicity. The resulting symmetry groups, including fac
centered icosahedral as in this case, can show axes of
tallographically forbidden rotational symmetry. Although th
first quasicrystalline materials were metastable, reverting
crystalline systems when annealed, several other familie
quasicrystals were subsequently discovered, which appe
be thermodynamically stable2 and which can consequentl
be synthesized as large single grains via standard cry
growth techniques.3 The composition is typically written a
for an alloy ~in this case Al71Pd21Mn08, or Al-Pd-Mn for
short!, but in most cases one should think of quasicrystals
compounds with a rather well-defined stoichiometry. A ma
objective of much of the extensive research on quasicrys
is to determine in what manner their physical properties
fer from those of normal crystalline or amorphous solids.
one sense, these icosohedral quasicrystals are very simi
amorphous solids, since they are elastically isotropic; th
elastic properties are described completely by single long
dinal vL and ~doubly degenerate! transversevT sound
velocities.4 In the low-temperature limit, the heat capaciti
(Cp) of quasicrystals generally have the linear temperat
0163-1829/2002/65~18!/184206~13!/$20.00 65 1842
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dependence that is characteristic of a metal, although w
electrical resistivities which are very much smaller th
would be expected, and which, often, have a nonmeta
temperature dependence.5,6 Optical reflectivity,7 photoemis-
sion, and tunnelling spectroscopy8,9 studies confirm the inter-
pretation of these results in terms of a pseudogap in the d
sity of states,~DOS! which is centered about the Ferm
energy. A paper by Zijlstra and Janssen10 does not support
previous theoretical calculations which have suggested
the electronic DOS at the Fermi level should have a sp
structure, which has not been found experimentally, altho
the tunnelling results of Escuderoet al.8 show a single spiky
structure centered in the pseudogap.

The present heat capacity (Cp) and linear thermal expan
sivity (a) data were obtained using single-grain samples
an i-Al-Pd-Mn quasicrystal and its similar, but crystallin
approximant. The following background discussion will b
concerned primarily with previous work reported fori-Al-
Pd-Mn, much of which is complementary to research
other, similar quality, quasicrystals.

Chernikovet al.11 reportedCp ~0.06 to 18 K!, ac ~0.2 to
0.7 K!, and static~2 to 300 K! magnetic susceptibility~x!,
and magnetization~M! ~1.9 to 10 K, to 50 kOe! data for
i -Al70Mn09Pd21. Subsequently, he and his collaborators ha
reported electrical conductivity and magnetoconductivity12

and thermal conductivity13 results for crystals of this concen
tration. Lasjauniaset al.14 also have published magnetic an
calorimetric results for single graini -Al68.7Pd21.7Mn9.6.
©2002 The American Physical Society06-1
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Inabaet al.15 give Cp results from 1 to 350 K for a numbe
of quasicrystals, including i -Al70Pd20Mn10. Chernikov
et al.16 describeCp ~1.5 to 300 K! and thermal conductivity
~0.4 to 80 K! results for two i-Al-Mn-Pd samples. Wa¨lti
et al.17 reportCp results for polygraini -Al70Pd20Mn10 ~1.6 to
18 K! and single graini -Al68.2Mn9Pd22.8 ~12 to 300 K! ~and
i-Al-Re-Pd! and conclude that the low-T lattice Cp for Al-
Pd-Mn from a previous analysis11 is appreciably greater tha
would be expected from sound velocity measurements.18 Af-
ter a comparison with calculations from both thermal neut
time of flight19 and inelastic neutron scattering~INS! ~20,21!
results, they suggest that the large excessCp is nonacoustic
in origin. Recent coherent inelastic scattering of synchrot
radiation data fori-Al-Pd-Mn ~Ref. 22! are consistent with
the INS results.

Both theCp and neutron scattering results are related
rectly to sound velocities. ForCp , the limiting value of the
Debye temperature,Q0, should correspond to that calculate
from T50 sound velocities using Debye theory, and for IN
the initial slopes of the dispersion relations should be eq
to the corresponding sound velocities. Amazit and his c
laborators used precise sound velocity measurements
i -Al68.7Mn9.6Pd21.7 to confirm the elastic isotropy of this ma
terial, and to demonstrate that the attenuation is an
tropic.23 These measurements were extended to 4 K, an
~nonlinear! sound velocity pressure-dependence to 0.3 G
was measured at 300 K.18 Further data24 complement those
of Vernieret al.25 to show that tunnelling states exist in the
crystals, in agreement with the conclusions from Ref. 13
addition, these data,24 although their relative magnitudes a
quite normal, have the puzzling features that the press
dependence of the sound velocities is nonlinear in pres
and is frequency dependent, suggesting relaxation phen
ena. Tanakaet al.26 have used the resonant ultrasound~RUS,
Ref. 27! technique to determine the~isotropic! sound veloci-
ties from 4 to 1073 K of three Al-based icosahedral quas
rystals, includingi -Al70Pd24Mn6. They give a tabular com
parison of their 290 K elastic constant and other results,
present the temperature dependences graphically. A plo
the ratio of the shear to the bulk modulus for quasicrys
suggests a highly directional bonding which is more sim
to that for tetrahedrally bonded solids than for metals.
nally, Amazitet al.28 have used x rays and a diamond cell
determine the compression of powderedi -Al68.7Mn9.6Pd21.7
to 40 GPa. The resulting bulk modulus and its pressure
pendence are consistent with those from the ultraso
measurements.24

The only thermal-expansion data for Al-Pd-Mn are fro
x ray lattice parameter~a! determinations over a range o
temperature. Yokoyamaet al.29 measureda(T) from 300 to
600 K in an investigation of the mechanical properties
i -Al70Pd20Mn10. Kupsch and Paufler30 reported a(T) for
i -Al70.3Pd21.7Mn8.0 from 15 to 300 K, while the data of Ka
jiyama et al.31 for i -Al71Pd20Mn9 extended from 10 to 700
K. These three experiments are in essential agreemen
overlapping ranges.

The primary objective of the present experiment was
obtain precise linear thermal expansivity (a) data for a bulk
single-grain icosohedral quasicrystal for temperatures fro
18420
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to 300 K. The present measurements became feasible w
large single-grain samples ofi -Al71Pd21Mn08, as well as its
Al72Pd25Mn03 j8 approximant, became available.3,32 The
low-temperature thermodynamic properties of Al-Pd-M
quasicrystals, but not the approximant, are complicated
low approximately 11 K by the onset of a transition to
spin-glass state, which has been studied in some detai11,14

and which typically has been described in terms of clus
formation prior to eventual spin freezing (Tf,1.8 K). Com-
parableCp and a data for these closely related materia
allow an estimate to be made of the non-spin-glass contr
tions to thei-Al-Pd-Mn thermodynamics. Other studies13,25,33

have shown that tunnelling occurs in quasicrystal Al-Pd-M
at low temperatures. The enhanceda’s that often are associ
ated with the onset of tunnelling34 unfortunately are masked
by the onset of the transition to a spin-glass state.

The composition of the Al-Pd-Mn quasicrystalline state
not unique; for this reason, the compositions of the samp
have been given for the various experiments that were
scribed above. To avoid inconsistencies in the present m
surements, thea and Cp data were taken using a commo
sample for each material, and the supporting data@electrical
resistivity ~r!, susceptibility ~x!, and, for the quasicrystal
RUS elastic constants# were from the same material.

II. EXPERIMENTAL DETAILS

Single-grain quasicrystals ofi-Al-Pd-Mn and single crys-
tals of the closely relatedj8 approximant phase were pro
duced by a self-flux technique, as described previously.3,32 In
short, the samples are obtained by slowly cooling the tern
melts of a composition that intersects the primary solidific
tion surface of the desired phase in the equilibrium tern
alloy phase diagram.35,36The remaining melt is decanted be
fore crossing any peritectics or eutectic solidification. T
technique clearly reveals the growth habit, and results in
markably large and strain-free samples.32 The composition of
the resulting approximant crystals~via, energy dispersive
x ray spectroscopy! is approximately Al72Pd25Mn03, with an
estimated uncertainty of61 at. %, consistent with the estab
lished values. The composition of the icosahedral quasic
tals is Al71Pd21Mn8, as measured by electron microprob
analysis~EMPA!, with an estimated error of approximate
0.5 at. % for each element.

Magnetic measurements of the approximant phase w
made from 1.8 to 350 K in an applied magnetic field~H! of
10 kOe using a commercial superconducting quantum in
ference device magnetometer.

Bars for electrical resistivity measurements were cut fr
well-formed samples using a wire saw~typical bar dimen-
sions were 5 mm long with a 1 mm31 mm cross section!.
For the icosahedral phase, the bars had arbitrary orientat
with respect to the various high-symmetry directions beca
the resistivity tensor is believed to be isotropic in an ico
hedral symmetry;37 indeed, no resistivity anisotropies wer
observed for bars of different orientations. However, bars
the approximant phase were cut either parallel or perpend
lar to the pseudofivefold axis@010#. Electrical contact was
made to the samples using Epotek H20E, with typical c
6-2
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ICOSAHEDRAL QUASICRYSTAL Al71Pd21Mn08 . . . PHYSICAL REVIEW B 65 184206
tact resistances of 1–2V. The resistivity was measured usin
a standard four-probe technique, with a bridge operating
16 Hz and a current density of approximately 0.1A/cm2.
Several samples of each phase were measured to imp
confidence in the absolute values of the resistivity.

Cp and a data were taken for a quasicrystal sample a
for a j8 approximant sample; these samples were from
same lots as those used for the magnetization and resis
measurements. The quasicrystal and approximant sam
were irregularly shaped, approximately 11.5~5! mm high,
with flat bases~8 mm maximum dimension! and masses o
6.09 g and 3.88 g, respectively. While the shape of
single-grain quasicrystal was similar to that described in R
32, the approximant was roughly pyramidal, with sam
growth ocurring in the direction parallel to the@010# axis as
rather large~sub-mm cross section! columns that typically
fill in to give a dense crystal. The approximanta data were
obtained for the sample oriented along@010#; we were un-
able to produce a suitable sample for measurements in
plane perpendicular to@010#. The formula atomic masses fo
these two materials are 45.95 g and 47.74 g, respectiv
The a data were taken from 1 to 300 K using a different
capacitance dilatometer that was calibrated using high-pu
copper.38 The Cp data were taken from 1 to 108 K using
standard tray-type isothermal calorimeter.39 The room-
temperature elastic constants of an approximately 4 m3

sample of this quasicrystal were determined using the R
technique.27 The room-temperature density of the RUS qu
sicrystal, which is needed for the data analysis and was
termined from its mass and dimensions (4.86 g/cm3), is con-
sistent with that reported previously (4.94 g/cm3),32 and is
taken to be 4.90(4) g/cm3.

III. EXPERIMENTAL RESULTS, DISCUSSION

A. Susceptibility data

We have presented previously the susceptibility of
flux-grown i-Al-Pd-Mn phase.32 Although these data can b
characterized by an average magnetic moment
0.62(2) mB /Mn using our EMPA composition, we note tha
not all Mn sites are believed to be magnetic in th
structure.14 A better characterization is obtained by comp
ing the low-temperature~low-T) Curie constant (C'5
31025 emu/g) to that of Lasjaunias and co-workers.14 In
that case, our measured Curie constant can be interpret
a manganese concentration of 8.5–9.0%,40 somewhat greate
than the value obtained by elemental analysis~8.0%!.

The susceptibility of the approximant Al-Pd-Mn phase
shown in Fig. 1. In contrast to the icosahedral phase,
approximant phase is essentially diamagnetic with onl
few magnetic impurities. The data shown in Fig. 1 can
represented by the relationx5C/T1AT1x0, with the pa-
rameters C53.218(60)31028 emu K/g, A527.4(2)
310212 emu/g K andx0529.15(5)31028 emu/g; in this
relation, the smallAT term has no obvious physical signifi
cance, and was introduced to improve the Curie-law fit. T
very small Curie term~C! corresponds to approximately
magnetic Mn out of every 60 000, indicating that this beha
18420
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term implies a very low density of states at the Fermi ener

B. Resistivity data

The temperature dependences of the electrical resistiv
~r! of the icosahedral and thej8 phases are shown in Fig. 2
The resistivity of the icosahedral phase@Fig. 2~a!# is typical
of many quasicrystalline systems, being at least superfici
similar to that of a disordered alloy,41 with the pronounced

FIG. 1. The susceptibility ofj8 approximant Al-Pd-Mn for an
applied field of 10 kOe oriented parallel to@010#. The solid line
represents a fit to the data, which is described in the text.

FIG. 2. The resistivities of~a! icosahedral Al-Pd-Mn and~b!
approximant Al-Pd-Mn as a function of temperature. The sam
orientation is arbitrary for the icosahedral phase, but is as noted
the approximant phase~note the split resistivity scale for the differ
ent orientations!.
6-3
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SWENSON, FISHER, ANDERSON, CANFIELD, AND MIGLIORI PHYSICAL REVIEW B65 184206
maximum in the resistivity due to weak localization wi
strong spin-orbit scattering.42 The resistivity of the approxi-
mant phase@Fig. 2~b!# is somewhat lower than that of th
icosahedral phase, and shows a much weaker tempera
dependence, which, however, still is characterized by the
fects of weak localization. While the resistivity for curren
~i! flowing perpendicular to theb-axis (i'@010#) was rea-
sonably reproducible from sample to sample, that fori i
@010# showed a rather large variation. Thej8 structure may
be extremely susceptible to defects introduced in the cut
and polishing process that was used to prepare the resis
bars;43 this certainly is not the case for the icosahedral pha
Despite the sample-to-sample variation, the resistivity
currents flowing in the pseudofivefold direction@010# is con-
sistently lower than that for currents flowing in the perpe
dicular direction, reminiscent of the behavior of the electri
conductivity of decagonal Al-Ni-Co.44,45 However, in the
case of decagonal Al-Ni-Co, the resistivity is that of a mo
erately good metal for currents flowing in the crystalline
rection ~along the ten-fold axis!, whereas the present da
indicate that weak localization is significant to a greater
lesser extent for all current orientations inj8 Al-Pd-Mn.

Below approximately 4 K, the resistivities of both mat
rials show a slight upturn, with the temperature dependen
of the corresponding conductivities~s51/r! ~not shown!
qualitatively consistent with the relation given by Chernik
et al.,12

s5s01aT0.5. ~1!

C. RUS elastic constants

A RUS measurement27 determined the room-temperatu
sound velocities~elastic constants! of a 4 mmcube of the
samei -Al71Pd21Mn08 quasicrystal material that was used f
the Cp and a measurements. While time-of-flight velocit
measurements determine velocities along symmetry di
tions, an RUS determination utilizes fits of the resonan
frequencies to an elastic model for a large number of pro
gation directions in the sample~in this instance, 42!, and thus
gives direct information that is not available in other sou
velocity measurements,46 or in neutron-scattering exper
ments. The current results are consistent with the assump
of elastic isotropy,4,23,46with only two parameters required t
fit the results. The parameters~calculated using the densit
%54.86 g/cm3) are C115C225C3352.134(10)31011 Pa,
C445C555C6650.6891(14)31011 Pa, andC125C135C23
5(C1122C44)50.756(3)31011 Pa. The major uncertainty
in these measurements is in the value of the long
dinal modulus, C11, 0.5%; the uncertainty inC44 is
0.2%. The resulting room-temperature adiabatic bulk mo
lus is BS5(1/3)(C1112C12)5@C112(4/3)C44#51.215(10)
31011 Pa, with the isothermal bulk modulus,BT
51.189(10)31011 Pa.47 For the present purposes, the
elastic constant~sound velocity! data are important for cal
culating the limiting,T50, value of the characteristic Deby
temperature,Q0.48,49 Q0 is calculated from an average 0
sound velocity as50
18420
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Q0
35@~h/kB!3~3rN0/4pVm!~1/̂ 1/v3&!# ~2a!

and for an isotropic quasicrystal~two sound velocities;vL
and a twofold degeneratevT)

5ˆ~h/kB!3~3rN0/4pVm!vT
3$3/@21~vT /vL!3#%‰ ~2b!

5ˆ~2.514231023!3~r /Vm!vT
3$3/@21~vT /vL!3#%‰, ~2c!

whereh is the Planck’s constant,kB the Boltzmann constant
N0 the Avogadro’s number~per g mol!, Vm the molar volume
(m3/g mol), r the number of atoms/unit cell, and the sou
velocities are in m/s. These velocities are related to the e
tic constants asCT5C445%vT

2 , and CL5C115%vL
2 . Note

that the density% enters into Eqs.~2! only through the defi-
nition of the molar volume.

The present sound velocity~elastic constant! data are
for room temperature. Since thei-Al-Pd-Mn sound velo-
cities ~elastic constants! have only a small ~negative!
temperature-dependence,18 Q05498(1) K as calculated for
300 K corresponds to a minimumT50 value; the uncer-
tainty in Q0 results primarily from the uncertainty invT ~or
C44). The relative volume change from 0 to 300 K@10.72%,
from a(T)# and the magnitude of the Gru¨neisen paramete
~1.88! can be used~see below! to estimate theT50 value,
Q0Q5505(1) K, which will be compared with calorimetri
results in the following section. No RUS data were obtain
for the approximant because of the difficulty in obtaining
completely dense cube of the required dimensions.

Table I gives a summary fori-Al-Pd-Mn of Q0’s that
have been calculated from published longitudinal and tra
verse sound velocities using Eqs.~2!. Amazit and his
collaborators18,23,24used large single-grain samples and o
tained velocity measurements from 300 to 4 K, while t
RUS data of Tanakaet al.26 were for 4 to 1073 K. These
RUS Q0 results are estimated to have a systematic un
tainty of less than 1.5% due to second phase effects, a
precision of better than 0.5%. The differences in the val
of the room temperatureQ0’s ~including the present data! are
appreciably larger than can be implied from their precisio
and, qualitatively, vary inversely with the Mn concentratio
The correlation with atomic mass is less pronounced.

While an average value probably is not appropriate,
magnitudes ofQ0 at 300 K and 0 K are 492~11! K and
504~10! K, respectively. This conclusion will be importan
for discussing large dispersion effects inCp for the present
samples. A puzzle is thatDQ05Q0(0 K)2Q0(300 K) is
significantly larger for the directly measured experimen
data@112~2! K# than the one that follows from the relativ
volume change and the~temperature independent! Grüneisen
parameter@7~1! K#.

D. Representation ofa and Cp data

Low-temperaturea and Cp data for most solids can b
represented by power series that contain only odd power
T,48,49
6-4
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TABLE I. A summary of Cp-related parameters from various references and from the present ex
ments. Figures 6 suggest that the spin-glass contributions toi-Al-Pd-Mn become important forT
,11(1) K@T/Q0,0.022(2)#. See the text for details.

Q0 g Sample Comments

~K! (mJ/mol K2)

455~3! 0.749~1! Al72Pd25Mn03 Cp , present,j8, approximant
362~6! 0.40~12! i -Al70Pd21Mn9 Cp , Ref. 11
480~1! i -Al68.7Pd21.7Mn9.6 US, 300 K~Refs. 18,23,24!
493~1! i -Al68.7Pd21.7Mn9.6 US, 4 K ~Refs. 18,23,24!
503~3! i -Al70Pd24Mn6 RUS, 290 K~Ref. 26!
514~3! i -Al70Pd24Mn6 RUS, 4 K ~Ref. 26!
498~1! i -Al71Pd21Mn08 RUS, 300 K, Present
505~1! i -Al71Pd21Mn08 RUS,T50, via GQ

lat

480~4! ,0.4 i -Al71Pd21Mn08 From CpApQ

0.25~10! i -Al71Pd21Mn08 Mizutani~Ref. 5!
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n50

N

A2n11T2n, ~3a!

Cp /T5 (
n50

N

C2n11T2n. ~3b!

The lead parameters,A1 and C1, generally are ascribed t
electronic contributions, withC15g, the electronic specific-
heat coefficient, although, for amorphous solids, a lin
term also has been associated with a distribution of tun
ling states.34 In most instances, higher-order terms are as
ciated with lattice properties (Cp

lat), with Q0 @Eqs.~2!# given
by50

Q0
35@~12p4/5!rR/C3#

5@1.9443106 r ~mJ/g mol K!/C3# K3, ~4!

whereR is the gas constant. Equation~4! has no significance
for tunneling systems, where the‘‘lattice’’ contributionC3
often is appreciably greater than would be calculated fr
Eqs.~2!.34

The form of Eq.~3b! follows from the requirement tha
the lattice DOS have the same values for positive and ne
tive energies,51 and should be valid over an appreciable te
perature range upwards from 0 K. Equation~3b! often is fit
to experimental data using only the first two or three term
This is reasonable if the available temperature range and
cision of the data are limited. The extension of the fits
include higher-temperature data~if available! and the use of
higher-order terms can result in a~slight! increase inC1
(5g) and a significant decrease~increase! in C3 (Q0). A
continuity in the slope between the low-temperature fit a
the higher-temperature data is very important.

For a metal with only electronic and lattice contribution
C1 and C3 should remain unchanged for a series of fits
Eq. ~3b! to the data that have a common initial temperat
and increasing maximum values ofT ~and number of terms
determined by the precision of the data!. How important are
the higher-order terms, or, equivalently, deviations fro
18420
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Debye-type behavior~dispersion effects!, at low tempera-
ture? For the lattice contribution,Cp

lat @n.1 in Eq. ~3b!#, a
3% deviation from a constantCp

lat/T3 occurs nearQ0/10
for the Debye function,50 10.3 K for copper ~Ref. 39,
Q05345 K), 3.7 K for GaAs~Ref. 52,Q05345 K), 1.5 K
for zinc metal ~Ref. 52, Q05327 K), and 0.84 K for the
present approximant (Q05455 K, see the following sec
tion!. The fits of Eq.~3b! to theCp data for thej8 approxi-
mant require five parameters for 1.38 to 10 K, seven
1.38 to 20 K, and ten for 1.38 to 30 K. The resultingC1
and C3 values are internally consistent, and correspond
g50.794(1) mJ/mol K2 andQ0Ap5455(3) K.

One consequence of the above discussion is that the
persion effects are difficult to predict in advance for the lo
temperatureCp data, so Eq.~3b! cannot be used reliably to
fit a limited range of ‘‘high-T’’ data to obtain magnitudes fo
C1 andC3. The number of terms and the accuracy of the d
required for such an extrapolation probably are unrealistic
practice.

Equations ~3! suggest that at low temperatures,a(T)
@Cp(T)# be plotted asa/T (Cp /T) vs T2 to obtainA1 (C1)
and A3 (C3) from the intercept and limiting slope. Thi
representation becomes unwieldy asCp increases rapidly
with increasing temperature~even for a Debye solid!,
so, more conveniently, the predominantly latticeCv’s
@Cv

lat5Cv(T)2gT# are represented as equivalent Deb
Q ’s.49 For aCv

lat datum atT, Q(T) is the Debye temperatur
which, when used in the Debye relation forCv (CDebye,
Ref. 50!, will give the sameCv at that temperature,

Cv
lat~T!5Cv~T!2gT5CDebye@Q~T!/T#. ~5!

A plot of Q(T) vs T then represents deviations of the da
from the Debye function, or the effects of dispersion; a d
creasingQ represents an increasing positive deviation ofCv
from Debye behavior. For most solids~including those dis-
cussed in a preceding paragraph!, Q(T) initially is a constant
(Q0), then, as dispersion becomes important, decreases
increasing temperature to a minimum~near Q0/10 for fcc
and bcc solids!, and approaches a constant value (Q`) at
6-5
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higher temperatures. The discussion ofCp results in Sec.
III E includes examples of this behavior. IfCp is used in Eq.
~5! rather thanCv , Q(T) will decrease with increasingT at
‘‘high’’ T sinceCv,Cp .47 Inabaet al.15 have presented thei
Cp ~corrected toCv) data using equivalentQ ’s. A similar,
usually smaller, effect occurs becauseQ also will decrease
as the sample expands with increasingT.

In the quasiharmonic approximation,48,49 the latticeCv’s
of similar solids should overlap when plotted vsT/Q0; that
is, Cv

lat(T/Q0) for related solids. This is strictly true for De
bye solids, but also, qualitatively, for more sophisticated
tice dynamics models. Because of the strong temperature
pendence ofCv for T,Q0, comparisons ofCv

lat(T/Q0) for
different solids are made most easily and sensitively thro
plots of Q/Q0 vs T/Q0, whereQ is the equivalent Debye
temperature@Eq. ~5!#, and Q0 is obtained from fits of Eq.
~3b! to the data, or from Eqs.~2!.

The representation ofa data using Eq.~3a! is strictly for
convenience, although the separation into electronic
other contributions is valid. As the following discussion w
show, the lattice contribution toa involves not onlyCp , but
also its temperature-dependent volume dependence thr
the Grüneisen parameter. Hence, Eq.~3a! does not have the
same fundamental basis as Eq.~3b!, and fits of it toa data
for various temperature ranges are not as consistent as
of Eq. ~3b! to Cp .

In the quasiharmonic model,48,49 the volume thermal ex-
pansivity ~b53a for an isotropic solid! is proportional to
Cv /V (Cp /V), with the proportionality factor involving the
isothermal bulk modulusBT ~adiabatic bulk modulus,BS)
and the dimensionless Gru¨neisen parameter,G,

b53a5G~Cv /BTV!5G~Cp /BSV!. ~6a!

since Cp /Cv5BS /BT .47 If independent~separable! contri-
butions~electronic, lattice, magnetic, etc.! to the thermody-
namics of an isotropic solid can be identified, each contri
tion will have a Cv i and aG i associated with it, and the
individual thermal expansivities will be additive to give

b5( b i53( a i5( G iCv i /BTV. ~6b!

In this model, theG i are functions of the volume dependen
of the characteristic energy,F i , which is associated with the
contribution (Q0 for the lattice, the Fermi Energy for fre
electrons, the Curie temperature for a magnetic system, e!,
with

G i53a iBTV/Cv i52d ln F i /d ln V. ~7!

While values ofG typically range from61 to 64 ~Ref. 48!,
G will have much larger magnitudes whenF has a large
volume sensitivity, such as that associated with tu
neling.34,48 The latticeG i ,G lat, generally has a temperatur
dependence similar to that ofQ(T), since the lattice mode
that are excited with increasingT may have significantly
different volume-dependences. By analogy withQ(T), G0

lat

is the limiting, T50 value of G lat(T), and, at highT,
G lat approaches a limiting constant value,G`

lat . Since
18420
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G0
lat52d ln Q0 /d ln V, Q0

lat also can be calculated from
the volume~pressure! dependence of the sound velocitie
@Eqs.~2!#.

The results of the RUS experiment@BT51.189(10)
31011 Pa, Vm5~molecular weight!/%59.4031026 m3/
g mol# give (3BTV)Q53.353109 mJ/g mol for the quasic-
rystal at room temperature. Similar data do not exist for
approximant, but a general discussion of the equations
state of solids53 suggests that, to a first approximation, t
product BTV is a characteristic energy that should be t
same for similar solids. In the following, we will assume th
(3BTV)Ap5(3BTV)Q , independent ofT.

E. a and Cp data

The actuala and Cp data shown as a function ofT in
Figs. 3 and 4 have been normalized byT to compensate
partially for the rapid temperature dependence. Above 1
K, the approximanta’s (aAp) showed long time constant
and scatter, which most likely are associated with the sam
inhomogeneities; the quasicrystala ’s (aQ) were much more
consistent. While the approximant data~s! are systemati-
cally greater than those for the quasicrystal~n! down to 11
K, the slopes of bothaQ /T and CpQ /T begin to decrease
rapidly on cooling below this temperature~Figs. 4!, indicat-
ing the onset of the transition to a spin-glass state. The s

FIG. 3. a/T andCp /T vs T for the Al-Pd-Mn data. In Figs. 3–5
~s! and ~n! are the approximant and quasicrystal data,~- - -! and
~- - -! are the smooth representations of these data,~—! is a nor-
malization of the approximant data to those for the quasicrystal
T.16 K, and an extrapolation forT,16 K.
6-6
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curves in Figs. 3–5~—! represent approximant-based e
trapolations of the higher temperatureaQ and CpQ data to
T50 (aApQ ,CpApQ, see below!. Figure 4~b! also shows the
smooth fit to the 8 to 18 K quasicrystalCp data from Ref. 11
~d! and its extrapolation toT50 ~Table I!, as well as the
actual data~L! for T,9 K. The overall agreement betwee
the presentCpQ data~n! and those from Ref. 11 is satisfac
tory. TheCp’s from 1 to 7 K asgiven in Ref. 14 are signifi-
cantly larger than these, for reasons that are not underst
but which may be related to a greater Mn content.40 The Cp
data of Inabaet al.15 are somewhat smaller than the prese
Cp’s for T,30 K, but are in essential agreement from 80
108 K. Again, their sample composition is somewhat diff
ent from ours. Wa¨lti et al.17 report thatCp data for polygrain
Al70Mn9Pd21 ~1.6 to 18 K, Ref. 11! and single-grain
Al68.2Mn9Pd22.8 ~12 to 300 K! samples coincide in the over
lap region, which suggests that differences in Al and Pd c
tent are not significant above 12 K. These data also are
sistent with the present data to 108 K.

The presentaQ results can be compared with th
temperature-dependences of~isotropic! x ray lattice param-
eters given by Yokoyamaet al.29 ~300 to 600 K for
i -Al70Pd20Mn10), Kupsch and Paufler30 ~15 to 300 K for
i -Al70.3Pd21.7Mn8.0) and Kajiyamaet al.31 ~10 to 700 K for
i -Al71Pd20Mn9). The relative lattice parameter chang
from 0 to 300 K for the latter two determinations are
excellent agreement with the corresponding relative len
change from the present data, 2.3931023. The 300 Ka’s

FIG. 4. See Figs. 3. In addition,~d! are a smooth representatio
of the 8–18 K data and its extrapolation to 0 K from Ref. 11, with
~L! the actual data forT,9 K.
18420
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reported for these x ray data are, respectively, 1.331025/K
~300 to 600 K!, 1.4431025/K, and 1.316(8)31025/K ~180
to 600 K average!, to be compared with the presen
1.29(1)31025/K. Unfortunately, no comparable x ray da
exist for the approximant, wherea possibly~most likely! is
anisotropic.

Equations~3! suggest thea/T (Cp /T) vs T2 plots of Figs.
5, where the low-temperaturea data show more scatter tha
those for the higher precisionCp’s. The scatter inaAp below
4 K ~approximately61029/K) is normal, but that foraQ is
excessive. The smooth representations through the
points in Figs. 3–5@~- - -! for aAp , CpAp ; ~– – –! for aQ ,
CpQ# were generated from power series fits to the data.54

While the low-temperatureaQ andCpQ data in Figs. 5 are
inconsistent with Eqs.~3! because of the spin-glass trans
tion, both theaAp , andCpAp data can be represented by Eq
~3!. Although it is not evident in Figs. 3–5, a close corr
spondence between the shapes of the approximant and
sicrystalCp(T) above 15 K can be used to approximate t
lower temperature, non-spin-glassCp(T) for the quasicrys-
tal. This shape similarity is evident in the equivalentQ(T)
@Eq. ~5!# plots of Fig. 6~a!, whereQAp(T) ~s! was calcu-
lated fromCpAp

lat , andQQ(T) was calculated using totalCpQ

data~n!, since the spin-glass transition masks contributio
linear inT. The rapid decrease inQQ on cooling below 11 K
reflects the excess~spin glass! CpQ in Figs. 4~b! and 5~b!
~smallerQ’s represent largerCp’s!. The closed circles~d!
below 20 K areQ’s (QAp

tot) for the totalCpAp data@gAp50 in
Eq. ~5!#. If gQ were comparable togAp , QQ(T) would re-
sembleQAp

tot between 10 and 20 K. EquivalentQ calculations

FIG. 5. a/T andCp /T vs T2 for the Al-Pd-Mn data; the sym-
bols and smooth relations are as in Figs. 3.
6-7
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using the form ofCpAp with varying g’s suggest thatgQ

.0.4 mJ/mol K2 probably would affect the shape ofQQ(T)
in Figs. 6. The result of the RUS experiment,Q0Q

el

5505(1) K, also is shown in Fig. 6~a!. Since the major com-
ponent in these materials is aluminum, equivalentQ ’s for the
latticeCp of this metal are included in Fig. 6~a!. The dimen-
sionless (Q/Q0 vs T/Q0) plot of Fig. 6~b! provides a quan-
titative test of the apparent similarity above 20 K in Fig. 6~a!.
The choices of Q0Ap5455 K ~as above! and Q0ApQ
5480(1) K @in absolute terms, 480~4! K# give a close cor-
respondence between the two sets of data above app
mately 16 K. The normalizedCp’s (CpApQ), shown as~—!
in Figs. 3~b!–5~b!, were calculated by replacingT in the
power-series representations forCpAp by T3(455/480).
CpApQ reproducesCpQ from 16 to 108 K with a standard
deviation of 2%; the extrema are63%, and are systematic
On cooling below 16 K (T/Q050.033), CpQ is slightly
smaller thanCpApQ (Q larger!, with the Cp difference
changing sign and increasing rapidly (QQ decreasing! below
11 K (T/Q0,0.02); see Figs. 4~b!–6~b!. This onset of the
spin-glass transition on cooling occurs at a higher temp
ture ~11 K! than has been assumed previously,11,14 but could
be a function of the composition of the sample.

TheT50 RUS result,Q0Q
el 5505(1) K, is 5% larger than

Q0ApQ5480(4) K from the normalization to the approx

FIG. 6. Temperature dependence of equivalent DebyeQ’s @Eq.
~5!#; ~s! approximant lattice,~n! quasicrystal data,~d! total ap-
proximant data,~—! metallic aluminum. In~b!, Q05455 K for the
approximant and 480 K for the quasicrystal; smooth values also
shown for GaAs~!! and metallic zinc~L!. The RUS value,Q0Q

el

5505(1) K, also is indicated. See the text for details.
18420
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mant data; this is consistent with the implication from F
6~b! that the normalization slightly overestimatesCpAQ

(QApQ,QQ) between 11 and 16 K. The relative agreeme
between these two determinations ofQ0Q ~and other results;
see Table I! provides~an indirect! assurance that the fitting o
Eq. ~3b! to theCpAp data and the extrapolation of this fit t
T50 are reasonable. Unfortunately, we were unable to
tain sound velocity data for the approximant.

The rapidity of the decrease inQAp with increasing tem-
perature in Figs. 6, which is a measure of dispersion or n
Debye behavior, is very unusual. For comparison, the
ducedQ ’s for three typical materials, two of which hav
large dispersion, also are plotted in Fig. 6~b!. These are a
typical cubic metal~Al, Q05447 K, as in Ref. 55; see als
Ref. 56!, the tetrahedrally bonded semiconductor Ga
(Q05345 K, Ref. 52!, and the anisotropic zinc metal (Q0

5327 K, Ref. 52! @see the discussion following Eqs.~3! and
~4!#. A primary conclusion from Fig. 6~b! is that the approx-
imant, and, presumably, also the quasicrystal, show gre
dispersion effects on warming than has been reported pr
ously for any material.

Various dimensionless Gru¨neisen parameters,G @Eq. ~7!#,
are plotted as a function ofT/Q0 in Figs. 7, and are summa
rized in Table II, where correlations with other data a
given. The extent of they-axis in Fig. 7~a! corresponds to the
maximum temperature~nominally 108 K! for the Cp data.
The data points were calculated from Eq.~7! using the actual
a data andCp’s calculated from the appropriate smooth r
lation. GQ ~n! andGAp

tot ~d! are calculated from the totala
and Cp data for each, andGAp

lat ~s! from the approximant
lattice contributions. The upperGAp

lat curve ~– – –! is calcu-
lated using the smooth lattice relations, with an extrapola
T50 value,G0Ap

lat 511.3.
These plots reflect sensitively the experimental scatte

a(T); note the ‘‘bump’’ inGAp
lat at 0.08 in Fig. 7~a!, which is

barely apparent at 35 K in Fig. 3~a!, and the scatter of theG’s
below 0.01 in Fig. 7~b!. The small magnitudes ofaAp

lat and
CpAp

lat for T/Q0,0.008 ~,3.8 K, Figs. 5! give meaningless
values ofGAp

lat for the a data, and only the smooth~extrapo-
lated! GAp

lat is relevant. The lower~– – –! curve,GAp
tot , was

calculated from the totalaAp andCpAp relations. While the
linear terms in the fits toaAp and CpAp give G0Ap

tot 5G l in

53.38, a more reasonable graphical average through the
@Fig. 7~b!# givesG l in54.1(5). The fits toaQ andCpQ give
the smoothGQ relation~- - -! that has a maximum at 0.01~5
K!. Because of the spin-glass transition,11,14 GQ cannot be
extrapolated below the present data~roughly 1 K, orT/Q0
'0.002). Since the quasicrystal lattice contributions toaQ
andCpQ are very small below 3 K~Figs. 4 and 5!, the low-
temperatureGQ should be that of the spin-glass state;
graphical average givesGspin glass56(1). The G’s for the
two solids in Fig. 7~a! are parallel from approximately 14 t
108 K (T/Q0>0.03), with GApQ50.948GAp

lat @~—! in Figs.
7# reproducingGQ from 14 to 108 K with a standard devia
tion of 0.8% and maximum differences of61.5%. The cor-
responding extrapolatedG0ApQ

lat 510.7 probably is too smal
because of the systematic differences betweenGApQ andGQ

re
6-8
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from 0.025 to 0.012 in Fig. 7~b!. The small incertainty in the
values ofBTV that are used@Eq. ~7!# does not affect quali-
tatively the scaling betweenGQ andGAp .

An extension ofGQ from 108 to 300 K usingCp’s from
Inabaet al.15 ~not shown! gives GQ51.88(2), independent
of T, in good agreement with Fig. 7~a! ~Table II!. Kajiyama
et al.31 have combined theiri-Al-Pd-Mn x ray expansivities
with Cp data from Inabaet al.15 and the elastic constant
of Tanakaet al.26 to calculateG’s from 20 to 350 K, which
are approximately temperature independent, and are

FIG. 7. Grüneisen parameters~G! for the Al-Pd-Mn data. The
symbols are as in Figs. 6, with~—! smooth representations ofGAp

~both lattice only and total!, and ~—! a smooth representation o
GQ . ~—! is a smooth normalization,GApQ , of GQ to GAp . See the
text for details.

TABLE II. Values for the limiting Grüneisen parameters@G, Eq.
~7!#, which follow from the presenta andCp data fori-Al-Pd-Mn
~Quasi! and itsj8 approximant~Ap!, and other determinations. Se
the text for details.

G Quasi Ap Comments

G0
lat 10.7 11.3 Fig. 7~b!.

G` 1.88~3! 1.98~2! Present, 100 K, Fig. 7~a!.
G` 1.88~2! 100–300 K, presenta,

Cp from Ref. 15
G` 1.8 200–300 K, Ref. 31
G l in 4.5~5! Graphical, Fig. 7~b!

Gspinglass 6.0~10! Graphical, Fig. 7~b!.
18420
in

agreement with those in Fig. 7~a! ~Table II!. The difference
between our 300 K RUS value ofQ0 ~498 K! and its value at
0 K was estimated using Eq.~7! with the volume change
from the aQ data, d ln V527.231023 and a constant
G51.88, giving d ln Q050.0135, or, DQ517 K, and
Q0(0 K)5505 K.

GApQ ~—! in Fig. 7~b! can be used together withCpApQ
and Eq.~7! to calculate the smoothaApQ that is shown as the
solid lines ~—! in Figs. 4~a!–5~a!, with the extrapolation
from 17 to 0 K giving an approximateaQ(T) for the non-
spin-glass state. Between 17 and 108 K,aApQ reproducesaQ
with a standard deviation of 2%, is 5% larger at 27 K, a
3% smaller at both higher and lower temperatures.

The large spin-glass contribution to the thermodynam
of the quasicrystal makes it impossible to obtain direc
from the present data a realistic estimate of the electro
contribution toCpQ . Mizutani,5 in a discussion of the role o
the pseudogap in the electron transport of quasicrystals
their approximants, gives in his Fig. 4~a! the relationship
betweeng and the 300 K electrical resistivity~r! for these
materials,

ln~r/mV cm!52@12 ln~g/mJ/mol K2!#. ~8!

The anisotropic room-temperature resistivities for the
proximant @Figs. 2~b!# and this relation giveg’s @0.57 ~'!,
0.73 ~i! mJ/mol K2# that are somewhat less than the expe
mental value (0.794 mJ/mol K2) but which are within the
scatter of his correlation. If the assumption is made thati-Al-
Pd-Mn also is a member of this family,rQ51570mV cm at
room temperature corresponds togQ50.25 mJ/mol K2. This
is consistent with our earlier statement that the data plo
in Figs. 6 probably would reflect the existence of ag only if
its magnitude were greater than 0.4 mJ/mol K2. Previously,
extrapolations of high-temperatureCp data to T50 gave
gQ50.40(12) ~Ref. 11! and '0.25 ~Ref. 14! mJ/mol K2.
We cannot estimate the magnitude or sign of the correspo
ing linear term in the expansivity.

IV. SUMMARY

The initial objectives of these experiments were twofo
The first was to obtain high sensitivity low-temperature li
ear thermal expansivity~a! data for a quasicrystal, and, th
second, to estimate ‘‘normal’’ lattice~non-spin-glass! ther-
modynamic properties fori-Al-Pd-Mn. Because of the rang
of stoichiometries reported for for these materials,Cp data
also were obtained for the expansivity samples. Figures
give a(T) and Cp(T) for a large single-grain sample o
i -Al71Pd21Mn08 (aQ ,CpQ), as well as those for a simila
sample of its Al72Pd25Mn03 j8 approximant (aAp ,CpAp). In
Figs. 4 and 5, the behaviors ofaAp andCpAp are ‘‘normal’’
@Eqs. ~3!#, with gAp50.749(1) mJ/mol K2 and Q0Ap
5455(3) K. As expected from magnetic measurements~Fig.
1!, the approximant shows no magnetic contributions. T
relatively large value ofgAp ~compared with copper39! and
the large electrical resistivities~Figs. 2! suggest the existenc
of a pseudogap that is characteristic of quasicrystals and
6-9
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lated materials.5 For the quasicrystal,aQ and CpQ clearly
show the effects of the spin-glass transition11,14 below 11 K,
a temperature that is somewhat higher than has been
posed previously,11,14 but, as with otheri-Al-Pd-Mn proper-
ties, could be dependent on sample stoichiometry.

The relative 0 to 300 K length changes calculated fr
aQ are consistent with those from x ray lattice parame
data.30,31 The presentaAp are for a single sample oriente
parallel to the@010# axis. Figures 2 show that the resistivi
of the approximant is anisotropic, and it is highly probab
that aAp also will be anisotropic. TheaAp and GAp results
that are presented here are for this sample orientation o
and the analysis is highly oversimplified.57

The solid lines in Figs. 3–5 represent normalizatio
of the approximant data to those of the quasicrystal
T.16 K (aApQ andCpApQ), which extrapolate the non-spin
glassaQ andCpQ to T50. CpApQ(T) follows from the re-
duced equivalentQ plot of Fig. 6~b!, where the experimenta
Q0Ap5455 K and Q0ApQ5480(1) K give a good corre
spondence between the quasicrystal and approximantCp’s
for T/Q0.0.036~16 K!. The CpAp

lat relations@Eq. ~5!# then,
with TApQ5T3(455/480), generateCpApQ.

Q0Q
el 5505(1) K for the same material from RUS soun

velocities@Eqs. ~2!#, vs 480 K from the normalization, an
the systematic deviations in Fig. 6~b! between 0.02 and 0.03
suggest that the normalization breaks down slightly at l
temperatures, and that the extrapolation ofCpApQ below
0.036 ~16 K! will overestimateCpQ

lat (QApQ,QQ). A com-
parison with other ultrasonic elastic constant determinati
of Q0Q ~Table I! indicates a dependence on quasicrystal s
ichiometry, with, qualitatively,Q0Q5504(10) K.

No direct means exist for determining the magnitude
an electronic contribution (gQT) to CpQ . If gQ were com-
parable in magnitude withgAp , QQ(T) would resemble
QAptot(T) ~d! in Figs. 6; sinceQQ(T) behaves ‘‘normally’’
down to 11 K, the valuegQ'0.25 mJ/mol K2, which follows
from the 300 K resistivity-g correlation proposed by
Mitzutani5 is reasonable. This would give a slight increase
CpApQ/T in Figs. 4~b! and 5~b!. Again, it is probable that
spin glass40 and electronic, as well as lattice, contributions
the quasicrystal thermodynamics depend on the stoichi
etry. While the~extrapolated! lattice contribution toCpQ is
of the order of 10% at 3 K@Fig. 5~b!#, its relative importance
decreases rapidly at lower temperatures.

Figure 6~b! shows thatQAp /Q0Ap decreases more rapidl
with increasing temperature~shows greater dispersion,
more rapid deviation from the Debye function! than alumi-
num metal~a typical cubic metal!, GaAs ~a typical tetrahe-
drally bonded solid! or zinc metal ~a typical anisotropic
metal!. This conclusion depends on the validity of Eq.~3b! to
represent theCpAp data and for the extrapolation toT50.
While the lack of a suitable sample prevented an RUS de
mination of the approximant sound velocities (Q0Ap

el ), the
relative agreement between the ultrasonic and normal
values ofQ0Q suggests thatQ0Ap5455(3) K is not seri-
ously in error. A similarQQ /Q0Q vs T/Q0Q relationship is
expected for the quasicrystal, sinceQQ(T) in Fig. 6~a!
shows ‘‘normal’’ behavior down to 11 K (T/Q050.02),
18420
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whereQQ5355 K and must increase to over 500 K at 0
Wälti et al.17 have suggested from an extrapolation of

to 8 K Cp data to lower temperature11 @Fig. 4~b!# and from
neutron-scattering results19,21 thatCpQ

lat below 10 K is signifi-
cantly greater than the one that would be calculated from
sound velocities and that this excess is nonacoustic in ori
The large dispersion effects displayed by the present d
~which presumably are a property of the quasicrystal latti!
are consistent with and offer an explanation for their obs
vations, with the experimentalCpQ

lat '45 mJ/mol K at 10 K,
to be compared with 15.5 mJ/mol K from the Debye mod
The origin of this large dispersion is not clear, howev
since inelastic neutron scattering data21 are consistent with
measured sound velocities and show dispersion only at e
gies~.1.5 THz!, which are much larger than would be co
sistent with the presentCp results (T,10 K, or ,0.2 THz).
The generalized vibrational density of states~GVDOS!~Ref.
19! that follows from a thermal neutron energy loss scatt
ing experiment assumes a Debye DOS~no dispersion! for an
extrapolation from 8 meV~2 THz, 100 K! to 0; the extrapo-
lation was not adjusted to agree with sound velocities in
low-energy limit. The present large dispersion effects unf
tunately exist at energies that are inaccessible to the INS
GVDOS neutron-scattering investigations. ComparableCp
data fori-Al-Cu-Fe ~Ref. 58! show dispersion similar to tha
for i-AlPdMn and itsj8 approximant, which suggests tha
this may be a common quasicrystal property. The existe
of a low-lying optic mode probably is ruled out by the co
sistent values ofg andQ0 from fits of Eq.~3b! to theCpAp
data~see the discussion in Sec. III D!.

INS data are taken mainly in the vicinity of strong Brag
reflections and along paths in reciprocal space towards
other strong reflection for either the twofold or fivefo
axes;20 it is these results that show agreement with the ult
sonic data to relatively high energies~2 THz, 100 K! before
nonlinear dispersion effects occur. The shapes of the hig
energy transverse acoustic dispersion relations depend
nificantly on the direction from the Bragg point in which th
data are taken.20 A possible resolution for the inconsistenc
between theCp and neutron-scattering results is that t
great number of phonons that are associated with m
weaker Bragg reflections and directions away from the tw
fold and fivefold axes will show nonlinear dispersion rel
tions at much lower energies than those reported in Ref.
and will be responsible for the large dispersion inCp . Gold-
man et al.,59 in an INS study of phonons ini- and R-phase
~crystalline! Al-Cu-Li, discuss whether or not phonons exi
off-major symmetry directions in icosahedral solids, and fi
slight differences between the quasicrystal and closely
lated crystalline materials. Quilichini and Janssen60 in a sum-
mary of theoretical results for phonons in quasicrystals im
that very little is known about very low-energy phonon e
citations in quasicrystals in low symmetry directions.

The temperature dependence of the~lattice! Grüneisen pa-
rameters@Eq. ~7!# in Figs. 7 reflects the relationship betwee
aAp andaQ . The shapes and magnitudes ofG lat(T) in Fig.
7~a! are normal for both solids, withG lat approximately in-
dependent of temperature above 0.08~40 K!; this behavior
6-10
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for GQ continues to 300 K when the Cp’s of Inabaet al.15 are
used~Table II!. In Fig. 7~b!, GQ has a~spin-glass related!
maximum near 0.01, whileGAp

lat continues to increase with
decreasing temperature to an~extrapolated! 0 K value
(G0Ap

lat 511.3) that is unexpectedly large. Above 13
~0.027!, GQ and GAp

lat have very similar shapes, andGApQ

50.948GAp
lat ~—! reproduces theGQ data very well.GQ is

systematically larger thanGApQ between 0.027 and 0.012, s
the extrapolation to 0 K usingGApQ probably underestimate
the actualGQ

lat(T). The increase with decreasing temperatu
of both GQ andGAp below 30 K ~0.06! reflects significantly
different temperature dependences fora and forCp . This is
apparent in Figs. 5, especially for the quasicrystal, wh
CpAp /T shows ‘‘normal’’ behavior~upward curvature,T5

term.0), while aAp /T has a downward curvature (T5 term
,0). These shape differences persist beyond 20 K for b
materials, and result in the increases ofG(T) with decreasing
temperature and the~extrapolated! large value ofG0Ap

lat .
The lowest-temperatureGQ’s in Fig. 7~b! ~,0.01 or 5 K!

correspond to those for the spin glass, withGspinglass
56(1). Thesource of the excess scatter inaQ (GQ) is not
known. The relationGApQ50.948GAp

lat and the smooth
CpApQ were used with Eq.~7! to extrapolateaQ

lat(T) below
13 K ~—! in Figs. 4 and 5.

Equations~2! and~7! relateG0
lat to the volume~pressure!

dependence of the sound velocities~elastic constants! that
have been reported by Amazitet al.18,24 Unfortunately, their
results show frequency and nonlinear pressure depende
that most likely are associated with relaxation effects.24 Their
high-pressure asymptotic results are consistent withG0Ap

lat

'2, which is appreciably smaller than we observe~.10!.
Their measurements were taken along major symmetry
rections, however, and to resolve the dispersion inconsis
cies between calorimetric and neutron data we have po
lated quite different properties for off-major symmet
direction phonons.

Another possibility is that our largeG0Ap
lat is associated

with the tunneling that has been observed in ot
studies.13,25,33Tunneling should, however, be reflected in t
G which is associated with the linear terms inaAp andCpAp ,
and which is a relatively ‘‘normal’’G l in54.1(5). Tunnelling
could make a relatively small~linear in T) contribution to
Cp , which, with a very largeG, could have a proportionally
large effect ona. There is, unfortunately, no way of sortin
out the existence of such a third contribution, which, at l
ive

e

.
te
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temperatures, would be small forCp but relatively large for
a. The increase inG with decreasing temperature is contin
ous and smooth, beginning near 30 K, and it is difficult
foresee the tunneling effects at these relatively high temp
tures.

V. CONCLUSIONS

Figures 6 and 7 summarize the present data fori-Al-
Pd-Mn and itsj8 approximant. The major conclusion is th
the lattice properties of both materials show very strong d
persion effects; that is, forCp , deviations from the Debye
model occur at an unusually low temperature~below 1 K!,
while the Grüneisen parameters, which reflect the volum
dependence of lattice frequencies, also show an unusual
perature dependence and, for the approximant, large ma
tudes below 6 K. The onset of the transition to a spin-gl
state (Tf,1.8 K) dominates the quasicrystal, not the appro
imant, thermodynamics below 11 K, but a close similar
between the quasicrystal and the approximant data abov
K allows an extrapolation of the quasicrystal data to low
temperatures to approximate the non-spin-glass st
Neutron-scattering results show that dispersion effe
should occur only at relatively high energies~and tempera-
tures!, quite the opposite from the conclusion from ourCp
data. The answer may lie in the behavior of very low ener
off-major symmetry, quasicrystal ‘‘phonons’’ that cannot b
studied with current neutron-scattering techniques. Althou
the RUS measurements~Sec. III C! show that elastic waves
are propagated in all directions in the quasicrystal, a leg
mate question is to ask whether or not phonons, as defi
for crystalline media, also exist for all directions in a qua
crystal.
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